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The mechanical response of 1 5 single wall carbon nanotube (SWCNT) ropes under tensile load was 
measured. For 8 of these ropes strain data were obtained and they broke at strain values of 5,3% or lower. 
The force-strain data are well fit by a model that assumes the load is carried by the SWCNTs on the 
perimeter of each rope. This model provides an average breaking strength of SWCNTs on the perimeter 
of each rope; the 15 values range from 13 to 52 GPa (mean 30 GPa). Based on the same model the 8 
average Young's modulus values determined range from 320 to 1470 GPa (mean 1002 GPa). 


PACS numbers: 62.20.Fe, 61.48, + c, 81.40Jj 

Since their discovery [1,2], single wall carbon nano- 
tubes (SWCNTs) have stimulated intense study. Unique 
electrical properties have been measured [3-5], and ex- 
traordinary mechanical performance projected from theo- 
retical modeling [6-10]. SWCNTs are predicted to have 
extremely high Young's modulus values, similar to that of 
graphite in-plane (—1000 GPa) [11]. It is also predicted 
mat SWCNTs can sustain large strain in the axial direc- 
tion, and preferred strain-releasing mechanisms have been 
recently analyzed [6,8,9,12]. High breaking strengths are 
thus predicted for SWCNTs, generating interest for high 
strength, lightweight material applications. A recent model 
shows that a strained SWCNT can readily release strain 
energy by defect nucleation beyond a critical tensile strain 
of about 5% [6,8]. In contrast to the extensive theoretical 
modeling, there have been few experimental studies on the 
mechanical properties of SWCNTs [13-16], and no direct 
strength measurements prior to the work reported here. 

Here, we extend the method previously used to measure 
the strength of individual multiwalled carbon nanotubes 
(MWCNT) [17,18] to SWCNT ropes. SWCNT ropes were 
tensile loaded in a "nanostressing stage" operated inside 
a LEO 1530 scanning electron microscope (SEM). The 
SWCNT sample used in the experiment was made by the 
laser ablation method and purified by refluxing and filtra- 
tion [19]. We tore the resulting SWCNT "paper" apart, 
which caused individual SWCNT ropes to project from 
the tear edge. In our previous work we mounted individ- 
ual MWCNTs across opposing atomic force microscope 
(AFM) tips, followed by application of tensile load [18]. 
However, this has been extremely difficult to do for the 
SWCNT ropes. Each rope was too tightly entangled with 
other ropes to be teased away from the bulk sample without 
breaking it; consequently, we modified the previous nano- 
stressing stage. Here, a parallel bimorph (a piezo actuator 
made of bonded piezo films) was added onto the stage [20], 
and used as a flexure element to provide the force and dis- 
placement needed. An AFM probe (with cantilevers hav- 
ing force constants of about 0.4 N/m) [21] is then attached 
onto the bimorph [Fig. 1(e)]. The bimorph can provide a 


deflection of up to 150 fim and a force up to 0.1 N. The 
sharp point at the AFM tip facilitates the attachment of 
individual SWCNT ropes projecting out of the SWCNT 
paper using the same method of electron beam-induced 
decomposition of residual hydrocarbons as previously de- 
scribed [18]. The AFM probe also acts as the force sensor 
to read out the applied load. The whole tensile-loading ex- 
periment is recorded on video via the video output of the 
SEM. Figure 1 shows SEM images of a SWCNT rope, 
including the deposit forming the SWCNT attachment of 
the free rope end to the AFM tip surface, before and after 
the nanotube broke due to the application of tensile load. 

A schematic describing how the force and the strain in 
the SWCNT rope are measured is shown in Fig. 1 (e). First, 
the dependence of the deflection S of the AFM tip as a 
function of applied voltage to the bimorph was indepen- 
dently detennined in the absence of any attached specimen. 
Second, while the SWCNT rope is being stretched due to 
application of a given voltage to the bimorph, the AFM 
tip position change, S 7 , is directly recorded in a slow-scan 
mode image. The true deflection of the AFM cantilever is 
S — S*. The force constant of the cantilever multiplied by 
its deflection gives the tensile force applied to the SWCNT 
rope. Calibration of S allowed much higher magnifica- 
tion imaging of just the enclosed region in Fig. 1(e), yield- 
ing more accurate determination of length changes in the 
rope (and thus the strain). The other end of the SWCNT 
rope in contact with the SWCNT paper was entangled with 
other ropes, so it was difficult to define precisely an end 
position to determine the specimen length. Fortunately, 
internal marks were often present, in the form of small 
particles attached along the loaded rope section. It was 
possible to use such marks for 8 of the 15 SWCNT ropes; 
the length change between these marks, SL, as a func- 
tion of applied load was measured and the strain, 8L/L 
[Fig. 1(e)], thereby obtained [22]. 

Finally, there are the questions of what the cross- 
sectional shape of the SWCNT rope was, and which 
SWCNTs in the rope were initially carrying the load. 
SWCNT ropes consist of a close-packed array of 
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FIG. 1. SEM images showing a SWCNT rope tensile- 
loading experiment, before and after the SWCNT rope was 
broken, (a) A tensile loaded SWCNT rope between an AFM tip 
and a SWCNT "paper" sample, (b) Close-up view showing the 
attachment (carbonaceous deposit) of the end of the SWCNT 
rope to the AFM tip. (c) The same SWCNT rope after being 
loaded to the point where it broke. The image shows that one 
rope fragment was about 1 /im from the attachment region on 
the AFM tip. (d) Another close-up view of the attachment area 
after the rope was broken, showing the deposit was still robust, 
(e) A schematic showing an overview of the tensile-loading 
experiment. In the schematic, the gray cantilever indicates 
where the cantilever would be if no rope were attached on the 
AFM tip. (f) The assumed close-packed SWCNT rope with 
hexagonal cross section used in the paper for the purpose of 
calculating the cross-sectional area from the diameter measured 
with the SEM. 

SWCNTs [23-25]. We assume that all SWCNTs in the 
ropes studied here are (10, 10) nanotubes, with a diameter 
of 1.36 ran [Fig. 1(f)], TEM and SEM observations of the 
SWCNT paper sample show that rope cross sections are 
generally round in shape. 

Two separate treatments for calculating the cross- 
sectional area to be used for detenriining the applied 
stress give low-end and high-end values for the breaking 
strength and Young's modulus values of these SWCNT 
ropes. In the first treatment, every SWCNT in the rope is 
assumed to carry an equal load. Then, the cross-sectional 
area is defined as the total number of SWCNTs [26] in the 
rope multiplied by the cross-sectional area of a SWCNT 


(TTtd, where t is the SWCNT wall thickness, 0.34 nm, 
and d is the SWCNT diameter, assumed to be 1.36 nm). 
In the second treatment, only the perimeter SWCNTs 
in the close-packed SWCNT rope are assumed to carry 
the initial load, so the load-bearing cross- sectional area 
is equal to the total number of SWCNTs [26] on the 
perimeter of the rope multiplied by the cross-sectional 
area of a SWCNT. We thus obtained two sets of average 
strength and Young's modulus values for the SWCNTs in 
these ropes. The 8 average Young's modulus values were 
obtained by a linear fit of each stress-strain curve for the 8 
ropes for which strain could be measured. Figure 2 shows 
the stress-strain curves with stress calculated from the 
"perimeter" model. (The general trend of the curves will 
be the same for the case of the stress calculated using the 
full cross-sectional area.) The average breaking strength 
value, cr p , and average Young's modulus value, E p , of the 
perimeter SWCNTs for each rope are shown in Table I. 
These average strength values range from 13 to 52 GPa, 
and the average Young's modulus values range from 320 
to 1470 GPa. A comparison with our work on MWCNTs 
where the outer shell was proven to be carrying the load 
is relevant. The 19 MWCNT (outer shell) strength values 
ranged from 1 1 to 63 GPa and the four MWCNT Young's 
modulus values determined ranged from 270 to 950 GPa 
[18]. Carbon fibers have been previously measured to 
have E values as high as 900 GPa [27]. For the SWCNT 
ropes studied here, there does not appear to be any obvious 
dependence of strength (<r p ) or modulus (E p ) on the rope 
diameter. It is found that a p is weakly proportional to 
E p . In contrast, there is typically an inverse dependence 
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FIG. 2. Eight stress versus strain curves obtained from the 
tensile-loading experiments on individual SWCNT ropes. Each 
rope diameter is measured at high magnification (~ 100 000) in 
the SEM, accuracy a few nm. The stress values have been calcu- 
lated using the cross-sectional area of the perimeter SWCNTs, 
according to the geometric model [see Fig. 1(f) and Ref. [23]). 
The SWCNT ropes for which strain could be determined were 
(see also Table I) C (□), D (O), E (A), G (V), K (O), M (>), 
O (*), P (X). 
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TABLE I. List of the SWCNT ropes measured in the 
tensile-loading experiment. Shown are the rope sample, the 
diameter D of the rope, the breaking strain e (percent value), 
the breaking strength <r e and the Young ' s modulus E t 
considering all SWCNTs in the rope to be carrying the applied 
load, and the breaking strength <r p and the Young's modulus 
E p calculated considering only SWCNTs in the perimeter of 
the rope to be carrying the applied load. The ellipses in the 
table indicate that values were not obtained. 


Sample 

D 
(nm) 

s 
(%) 

(GPa) 

(GPa) 

(GPa) 

E p 
(GPa) 

A 

20 


11 


33 


B 

40 


9 


52 


C 

21 

1.1 

4 

315 

13 

1070 

D 

38 

4.8 

8 

180 

48 

1040 

E 

35 

5.0 

8 

270 

43 

1470 

F 

27 


11 


45 


G 

39 

3.5 

5 

140 

32 

860 

H 

34 


3 


16 


I 

41 


6 


37 


K 

23 

5.3 

5 

91 

17 

320 

L 

34 


5 


29 


M 

23 

2.1 

7 

250 

23 

880 

N 

23 


4 


15 


0 

19 

2.1 

7 

350 

22 

1050 

P 

23 

1.2 

7 

380 

25 

1330 


between strength and modulus for carbon fibers [27], For 
the 8 ropes where strain could be measured there is no 
obvious dependence of strain on either E p or <t p . 

Also in Table I are values for the average breaking 
strength, <r e , and average Young's modulus, E e) with 
the assumption that all SWCNTs in the rope participate 
equally in carrying the load. A comparison of a e and <r p 
shows that to achieve extremely high engineering modulus 
and strength values in applications using SWCNT ropes 
where the perimeter SWCNTs are actually carrying the 
load, ropes should probably contain about 10 SWCNTs or 
less. This maximizes the number of perimeter SWCNTs 
relative to interior SWCNTs. This may explain the limited 
strength enhancement of some of the composites that have 
been tested at NASA/Johnson Space Center that have used 
relatively large diameter SWCNT ropes, similar to those 
studied here. 

The second treatment (the perimeter model) is supported 
by further evidence as explained below. Figures 3(a) and 
3(b) show the fragments left on the AFM tip and on the 
SWCNT paper from a SWCNT rope loading experiment, 
following breakage. As indicated by the arrows, there is 
an abrupt diameter change along each SWCNT rope frag- 
ment. The diameter change indicates that not all of the 
SWCNTs in the rope carried the initial tensile load and 
consequently did not break simultaneously or at the same 
location. As mentioned, the SWCNT rope is attached to 
the AFM tip by depositing carbonaceous material, which 
means that only the perimeter SWCNTs are in close con- 
tact with the deposit. 
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FIG. 3. SEM images (a) and (b) show the two fragments from 
one broken SWCNT rope, one left on the AFM tip and the other 
projecting from the SWCNT "paper" sample. Clear diameter 
changes are seen in these images and are indicated by arrows, 
(c) A plot of both the cross-sectional area A obtained from the 
fitting model (open circles) and the area A ! calculated from the 
purely geometric model represented in Fig. 1 (f) (dark line; see 
also Ref. [26]) vs the rope diameter. The dotted line is the best 
linear fit to the open circles. 

In addition to the evidence from SEM images of 
SWCNT fragments, the cross-sectional area carrying the 
load can be estimated with a method commonly used in 
the mechanical measurement of fibers and whiskers. In 
this method, the cross-sectional area A is related to the 
load F as A = F /(Ee) [28]. The product values of A 
and E can be directly obtained from the slope of the 
linear fit to each of 8 force versus strain curves. The 
dependence of the obtained values of the product of A 
and E (or A, since E can be assumed to be constant) on 
the diameter (D) values of the ropes can then help to 
determine the breaking mechanism. If all of the SWCNTs 
in the rope carried the load, then A would be proportional 
to the number of SWCNTs in the rope and thus to D 2 . 
If only the perimeter SWCNTs carried the load, A would 
be linearly proportional to D. From the analysis of the 
product values of A and E, A is found to be significantly 
closer to being linearly dependent on D than on D 2 . This 
linear dependence is seen as the dotted line in Fig. 3(c). 
The values of A are thus compared with the values of 
A 1 calculated from the geometry of the rope as follows. 
The lattice constant of the close-packed SWCNT rope is 
1.7 nm [25], By arranging the close-packed SWCNTs to 
fill a hexagonal cross section as shown in Fig. 1(f), the 
number of SWCNTs on the perimeter and thus their total 
cross-sectional area A 1 can be obtained for different rope 
diameters as measured with the SEM [26]. Figure 3(c) 
shows the comparison between the A' and A values so 
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obtained after assigning E to be 1000 GPa. The linear 
dependence of the A values on D obtained from the fitting 
approach described is very close to the A 1 vs D depen- 
dence calculated by assuming that only the perimeter 
SWCNTs in the close-packed SWCNT rope are carrying 
the load. Note that it is the close match of the slopes 
of the two plots in Fig. 3(c) that is most important in 
supporting the perimeter model. 

The model mat treats the perimeter SWCNTs in the 
ropes as the load-carrying elements supports the theoretical 
prediction that SWCNTs will have large Young's modu- 
lus and breaking strength values. The maximum breaking 
strain of 5.3% is close to the critical strain for defect nucle- 
ation of —5% for individual SWCNTs based on theoreti- 
cal simulation [12]. Here, we have studied the mechanical 
response of SWCNT ropes, and obtained the averaged me- 
chanical properties of individual SWCNTs in these ropes 
from the models used, rather than tensile loading them 
individually. The mean value for the average breaking 
strength and the mean value for the average Young's modu- 
lus, Table I, for the model treating the perimeter SWCNTs 
as carrying the load, are 30 and 1002 GPa, respectively. 
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